Agricultural management practices affect bulk soil microbial communities and the functions they carry 2 out, but it remains unclear how these effects extend to the rhizosphere in different agroecosystem 3 contexts. Given close linkages between rhizosphere processes and plant nutrition and productivity, 4 understanding how management practices impact this critical zone is of great importance to optimize 5 plant-soil interactions for agricultural sustainability. A comparison of six paired conventional-organic 6 processing tomato farms was conducted to investigate relationships between management, soil 7 physicochemical parameters, and rhizosphere microbial community composition and functions. 8
Introduction 31
Soil microbial communities mediate the provision of many ecosystem services by soils and are 32 increasingly recognized as fundamental regulators of plant and environmental outcomes of 33 agroecosystems. Agricultural practices such as nutrient inputs and tillage have been shown to shape bulk 34 soil microbial communities and functions across spatial and temporal scales (1-4). Comparisons of bulk 35 soil under different management strategies, i.e. organic (nutrients provided from sources other than 36 synthetic inputs) vs. conventional management have revealed effects on soil properties that in turn drive 37 variation in microbial communities at small and intermediate scales (5-8). Small-scale studies designed to 38 minimize environmental heterogeneity, such as long-term experiments on a single site, show strong 39 effects of management on soil physicochemical parameters (9, 10), microbial biomass (9) , and habitat-40 specific bacterial and fungal taxa (11). At an intermediate spatial scale, such as paired fields within a 41 region, contextual variables such as climate, soil type, and cropping system largely influence the soil 42 physicochemical parameters and microbial processes that differ between conventional and organic fields. 43
Organically managed processing tomato fields in California have higher levels of organic carbon, 44 microbial abundance and diversity, and N mineralization potential compared to conventional, while soils 45 under conventional management have higher inorganic N pools and salinity (7). However, these studies 46 often have not extended to the rhizosphere, and the studies that have done so have not found universal 47 4 While bulk soil communities affect recruitment and assembly of rhizosphere microbial communities (15),
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Bacterial diversity was affected by the site x management interaction (p<0.001). The Shannon index was 123 higher in organically managed fields than conventionally managed fields at all sites except the MR site 124 (Table 4) . Fungal diversity was affected by site (p<0.001) and management (p<0.001), but not the 125 interaction. Fungal diversity was higher in organically managed fields at all sites, and higher at the PF site 126 than RR or MR (Table 4) . 127
Forty-eight bacterial amplicon sequence variants (ASVs) differed in abundance between the rhizospheres 128 of conventionally and organically managed plants at the α=0.01 level (Figure 3a) . ASVs more abundant 129 in organically managed rhizospheres included two members of the genus Pseudomonas, while ASVs 130 more abundant in conventionally managed rhizospheres included six members of the genus 131
Flavobacterium and three members of the genera Devosia and Lysobacter. An ASV belonging to the 132 genus Pseudomonas had the highest relative abundance in organically managed fields, and an ASV 133 belonging to the genus Chryseobacterium had the highest relative abundance in conventionally managed 134
fields. 135
Nineteen fungal ASVs differed in abundance between management systems at the p=0.01 level, only one 136 of which was more abundant in conventionally managed fields (Figure 3b ). ASVs more abundant in 137 organically managed plant rhizospheres included three members of the genus Holtermanniella, three 138 members of the genus Mucor, and two members of the genus Pyrenochaetopsis. The ASV more abundant 139 in conventionally managed rhizospheres was identified as Plectosphaerella cucumerina. Mucor hiemalis 140 was most abundant in organic systems relative to conventional. 141
Since system management has a strong impact on multiple soil properties, we conducted redundancy 142 analysis (RDA) with forward selection to identify which soil physicochemical properties have the greatest 143 influence on rhizosphere bacterial and fungal community composition. After site and management, Ca 144 was the most significant driver of both bacterial and fungal community composition. Bacterial community 145 composition also responded to Mg levels, while fungi were significantly influenced by Na and K. 146 8
Indicator species of rhizosphere communities differ between systems 147
Indicator species analysis showed 57 system-specific bacterial ASVs: 35 with the conventional system 148 and 22 with the organic system (Table S3) . Members of the genera Flavobacterium (8), Pedobacter (4), 149
Lysobacter (3), and Pseudomonas (3) had by the greatest number of sequences in the conventional system 150 and Pseudomonas (4) in the organic system. Fewer fungal indicator taxa were discovered, with only four 151 fungal ASVs associated with the conventional system but 17 with the organic system. The four ASVs 152 associated with the conventional system came from different genera, while Holtermanniella (6) and 153
Mucor (4) were the most represented indicator genera in the organic system. Fifteen of the 78 taxa 154
identified by indicator species analysis were also differentially abundant. Because the IndVal index 155 represents the probability of finding a given species in the environment of interest, taxa with a high 156 relative abundance in the environment will generally score high on the fidelity component of the IndVal 157 index. This was the case for Flavobacterium in the conventional system and Pseudomonas, 158
Holtermanniella, and Mucor in the organic system. 159
Random forest (RF) analysis was used to identify ASVs that could be used to discriminate between 160 management systems. ASVs belonging to the genera Lysobacter and Gibellulopsis had the greatest 161 impact on the mean decrease in accuracy and mean decrease in Gini coefficient of the random forest 162 model ( Figure S2 in the supplementary material). Substantial overlap was observed between the results of 163 RF analysis and differential abundance analysis. Eleven of the twenty most significant ASVs from the RF 164 analysis had also been identified through differential abundance analysis, although ASVs such as 165
Gibellulopsis that had a significant impact on the RF model only slightly differed in abundance between 166 systems ( Figure 3) . 167
Management induces changes in predicted rhizosphere bacterial functions 168
Of the total number of genes predicted, 4.8% (169) differed in abundance between the rhizosphere of 169 organic and conventional plants. Of those genes, 79 were more abundant in the organic system and 90 170 9 were enriched in the conventional system. Functions corresponding to cellular processes including 171 quorum sensing, biofilm formation, and chemotaxis showed the greatest difference between systems, with 172 only two peroxisome functions upregulated in the organic system and 31 upregulated in the conventional 173 system (Figure 4) . Genes with the highest relative abundance in the organic system were distributed 174 across a variety of functions, including ABC transporters (12), two-component systems (8), biosynthesis 175 of siderophores (5), starch and sucrose metabolism (5), and type I polyketide structures (5). A component 176 of the trcR/trcS two-component regulatory system, trcR (K07672), was up-regulated by the greatest ratio 177 in organic systems. Genes with greater relative abundance in the conventional system tended to be 178 associated with biosynthesis of amino acids (19), two-component systems (18), quorum sensing (10), 179 ABC transporters (9) , and biofilm formation (9) (Figure 4) . 180
Structural equation modeling identifies key linkages among plant, soil, and microbial variables 181
Hypothetical links between bulk soil physicochemical parameters, plant nutrition, rhizosphere microbial 182 communities, and plant biomass were tested using structural equation modeling (SEM) across 183 management systems (Figure 5a ). Bacterial and fungal communities were represented by two vectors each 184 (PC1B, PC2B, PC1F, PC2F) that were derived from principal components analysis shown in Figure 2 . 185 Plant biomass was most strongly positively correlated with plant P, which in turn was most strongly 186 correlated with fungi from the PC2F vector (Figure 5b ). The taxa that contributed most to PC2F were 187
Vishniacozyma victoriae and an unidentified Solicoccozyma sp. Neither of these species were identified in 188 the differential abundance analysis (Figure 3b predict microbial community structure is surprising at first glance, given that scarce C and N availability 257 can limit rates of microbial growth and functions such as mineralization, and that the abundance of N-258 cycling microbial taxa often varies with C and inorganic N species. However, this result is consistent with 259 multiple studies showing no effect of N on microbial community composition (50-52). Agricultural 260 management might outweigh the effects of variation in these parameters, since Ca and Mg were not 261 affected by management. It may also be that low variation in organic matter, pH, and soil N within the 262 context of this study reduced the ability of these parameters to explain variation in community 263 composition (Table S2 in the supplementary material). 264
Soil Ca and Na have similarly appeared elsewhere as significant predictors of microbial community 265 composition. In another comparison of management systems, soil Ca was higher in soils receiving 266 organic amendments than synthetic amendments and was among the parameters correlated with microbial 267 community composition (53) . Ca was also a primary driver of microbial community composition in a 268 13 multi-year study of a soil amended with composted tannery sludge (54). Salinity frequently drives 269 variation in microbial community composition, especially in irrigated systems, although most commonly 270 when a stronger salinity gradient is present due to environmental filtering based on salinity tolerance (55-271 57). 272 SEM tied together this observed variation in microbial community composition with soil and plant 273 variables and tested a hypothetical model linking plant and soil biological and physicochemical 274 parameters with plant biomass (Figure 5 ). Management was not retained in the final model, suggesting 275 that management effects were indirect and captured by other included variables at these sites. Other 276 studies have similarly found that soil type and physicochemical parameters affect microbial community 277 composition and catabolic functions more than long-term agricultural management practices (58). Within 278 this study, it appears that rhizosphere microbial communities were more closely linked to differences in 279 bulk soil properties created by management systems than to the management practices themselves. 280 SEM revealed a greater relative influence of rhizosphere biological communities than bulk soil 281 physicochemical characteristics on plant nutrient content and biomass ( Figure 5) . A strong indirect 282 linkage was observed between microbial communities and plant biomass: fungal community composition 283 was strongly positively correlated with plant P, which in turn strongly correlated with shoot biomass 284 ( Figure 5 ). The link between plant P and fungal communities is particularly striking given the absence of 285 sequences belonging to the phylum Glomeromycota, which contains mycorrhizal fungi (data not shown). 286
The lack of mycorrhizal sequences may be partly explained by choice of amplicon or primer bias (59). 287
Since the length of the amplified region differs for mycorrhizae compared to the more abundant 288
Ascomycota and Basidiomycota (60); it is unlikely that mycorrhizae were truly absent from all samples. communities. Management of plant-microbe-soil interactions in the rhizosphere is a critical step toward 324 building more resource-efficient and resilient agricultural systems, and our study indicates that soil 325 management has strong and consistent effects on landscape-level variation in the rhizosphere composition 326 and predicted function. 327
Materials and Methods 328

Sample collection 329
Samples were collected from 6 paired fields under conventional and organic management on Yolo Silt 330
Loam during the 2017 growing season (details of sites and management practices can be found in Table  331 S1 in the supplementary material). Plant and soil samples were collected ~ 6 weeks after transplanting on 332 the same date at paired fields. Samples were taken from six locations per field (two on the exterior 333 margins of the field and four internal). At each location, two entire plants were excavated and shoot and 334 root samples were separated by clipping at the base of the shoot. A bulk soil sample was collected from 335 the upper 10 cm of soil immediately adjacent to each plant. Roots were separated from bulk soil, stored in 336 paper bags and transported to the lab on ice. Twelve root fragments from each plot (6 from each 337 individual plant) were pooled and rhizosphere soil was collected using a shaking wash in an 0.9% 338 NaCl/0.01% Tween 80 (v/v) solution followed by centrifugation. Because this volume of soil was 339 insufficient for full textural and nutrient analysis, we assumed that rhizosphere soil characteristics such as 340 texture, organic matter, etc. would be similar to the parameters measured for the corresponding bulk soil. Dried bulk soil samples and aboveground dried biomass were homogenized and analyzed for total 345 nitrogen (N) and carbon (C) via combustion analysis (69). Soil nitrate was measured using a flow 346 injection analyzer (70), soil extractable phosphorus (P) was determined according to Olsen and Sommers 347 (71), and other soil nutrients were measured using ICP-AES (72). Soil organic matter content was 348 determined via the loss-on-ignition method (73). Soil pH was measured on a saturated paste extract. Bulk 349 soil properties can be found in Table S2 77). Negative controls were also extracted and submitted, but no reads were recovered. All statistical 360 analyses were carried out using R software (78). Reads were error-corrected and assembled into amplicon 361 sequence variants (ASVs) using DADA2 v.1.8 (79), with taxonomy assigned using SILVA v.128 for 362 bacteria (80) and UNITE database (2017 release) for fungi (81). Taxa without a taxonomic assignment, or 363 assigned to Archaea, mitochondria, or chloroplasts were removed from this dataset. Those not assigned to 364 the kingdom Fungi were removed from the fungal dataset. Sequence abundance was rarefied to 15,310 365 sequences per sample for bacteria and 13,000 per sample for fungi and all samples approached saturation. 
Downloaded from
Sequencing data is available in the NCBI SRA data repository under the project accession number 367
PRJNA539989. 368
Non-metric multidimensional scaling (NMDS) was used to ordinate samples in two-dimensional space 369 (ordinate function of the phyloseq package using method = "NMDS"). Two outliers were removed from 370 this and subsequent analyses in order to minimize the stress function. A second NMDS ordination was 371 performed based on weighted UniFrac distances (distance function of phyloseq package with "wunifrac" 372 command) to determine whether phylogenetic distance among samples was affected by site and 373 management. Shannon diversity was calculated for each sample using the estimate_richness function 374 (measures = "Shannon") of the phyloseq package. 375
Differential abundance of microbial taxa 376
Differential abundance of bacterial and fungal in the rhizosphere of plants grown in organically and 377 conventionally managed systems was carried out using the DESeq2 package (25). Although applying this 378 analysis to compositional datasets obtained from sequencing microbial communities has been critiqued 379 (82), the method has been shown to be effective when library sizes are similar across groups and sample 380 size is small (<50 samples per group) (83), as was the case here. Sequences occurring in fewer than three 381 samples were filtered out prior to the analysis to avoid bias due to rare taxa (filter_taxa function of 382 phyloseq package). Dispersions were fit to the mean intensity using a gamma-family GLM by setting the 383 parameter fitType= "parametric" and significance was assessed using the Wald test with a significance 384 threshold of α=0.01. 385
Indicator species analysis 386
Indicator species analysis was conducted to identify specific rhizosphere microbial taxa that were 387 associated with the conventional or organic system using the indicspecies package (84). Briefly, the 388 Indicator Value (IndVal) index was calculated for each ASV-system combination as the product of 389 specificity and fidelity indices (84). The highest IndVal index for each ASV was tested for significance 390 18 with 999 permutations (multipatt function of indicspecies package using duleg = TRUE and control= 391 how(nperm=999). A Bonferroni correction was used to control the family-wise error rate at α = 0.01. 392
Random forest analysis 393
We complemented the indicator species analysis with a random forest approach, which identifies bacterial 394 and fungal ASVs that could be used to classify samples by management system through a machine 395 learning algorithm. Random forest analysis was conducted using the randomForest package (27). The 396 dataset was split into subsets for training (70% of observations) and validation (30% of observations). 397
Model parameters were adjusted to minimize the error rate, but the default parameters for ntree (ntree = 398 500) and mtry (mtry = √p, with p representing the number of model parameters) resulted in the lowest 399 error rate (6.52%). The classification accuracy was calculated to be 95%, indicating high prediction 400 accuracy. ASVs with the greatest contribution to the classification algorithm were identified according to 401 the highest scores for mean decrease in accuracy or mean decrease in the Gini coefficient (importance 402 function of randomForest package). 403
Phylogeny-based functional trait prediction 404
We determined potential shifts in rhizosphere microbial functions with management and soil properties 405 using functional trait prediction of 16S communities with the themetagenomics package (85). Briefly, this 406 package implements Tax4Fun (28) to predict functions from the KEGG Orthology database that are 407 associated with provided abundance tables, sample metadata, and phylogenetic information. Phylogeny is 408 assigned according to the SILVA rRNA database project (80). To identify functions that differed in 409 abundance between systems, predicted functions were subjected to differential abundance analysis using 410 the DESeq2 package. Parameters were identical to those described previously and the significance 411 threshold was set at α=0.01. Although the variables identified by forward selection (soil Na, soil Ca, plant P, plant C:N, plant Na) 441
were not consistent with a hypothesis of multivariate normality, sample size was too small to permit the 442 exclusion of outliers. The first two principal components of microbial species composition, which 443 accounted for 31% and 15% of bacterial variation (PC1B and PC2B respectively) and 26% and 21% of 444 fungal variation (PC1F, PC2F respectively), were used to represent microbial communities in the model 445 
